The locus coeruleus (LC) is a brainstem structure that has widespread cortical and sub-cortical projections to modulate states of attention. Our understanding of the LC's role in both normal attention and clinical populations affected by disrupted attention would be advanced by having in vivo functional and structural markers of the human LC. Evidence for LC activation can be difficult to interpret because of uncertainty about whether brainstem activity can be accurately localized to the LC. High resolution T1-turbo spin echo (T1-TSE) magnetic resonance imaging (MRI) (in-plane resolution of 0.4 mm × 0.4 mm) was used in this study to characterize the location and distribution probability of the LC across 44 adults ranging in age from 19 to 79 years. Utilizing a study-specific brainstem template, the individual brainstems were aligned into standard space, while preserving variations in LC signal intensity. Elevated T1-TSE signal was observed in the rostral pons that was strongly correlated with the position and concentration of LC cells previously reported in a study of post-mortem brains (r = 0.90). The elevated T1-TSE signal was used to produce a probabilistic map of the LC in standard Montreal Neurological Institute (MNI) coordinate space. This map can be used to test hypotheses about the LC in human structural and functional imaging studies. Such efforts will contribute to our understanding of attention systems in normal and clinical populations.
Introduction
A large body of work has described cortical networks that support different dimensions of attention (see Posner, 2004) and there is a growing interest in the modulation of these cortical attention networks by brainstem nuclei (Aston-Jones et al., 2000; Bouret and Sara, 2005; Corbetta et al., 2008; Coull et al., 1999; D'Ardenne et al., 2008; Mohanty et al., 2008; Shea-Brown et al., 2008; Usher et al., 1999) . The locus coeruleus (LC), which exhibits extensive projections with cortical and sub-cortical regions (Morecraft et al., 1992; Morrison and Foote, 1986; Morrison et al., 1982; Porrino and Goldman-Rakic, 1982) , has been implicated in modulating attentional states (AstonJones et al., 2000) . Progress testing hypotheses regarding the role of the human LC in attention has been slowed however, by technical limitations related to differentiating brainstem nuclei on MRI.
The LC is located adjacent to the floor of the fourth ventricle in the rostral pons and extends into the midbrain to the level of the inferior colliculi (Chan-Palay and Asan, 1989b; German et al., 1988; Manaye et al., 1995) . LC cells are most densely populated at the level of the trochlear nucleus (Chan-Palay and Asan, 1989b; German et al., 1988; Manaye et al., 1995) , however, there is considerable individual variability in the number of LC cells observed across the brainstem (German et al., 1988; Manaye et al., 1995) . Linking this variability to cognitive function and dysfunction has been difficult in humans because of the small size of the LC relative to the gross resolution of typical imaging protocols.
Several imaging studies implicate the LC in complex cognitive processing and emotion in normal adults (Coull et al., 1999; Liddell et al., 2005; Sterpenich et al., 2006; Sturm et al., 1999; Tracy et al., 2000) , and in the pathophysiology of neurodegenerative and neurodevelopmental disorders (Moore et al., 2008; Remy et al., 2005) . However, these results are difficult to validate and replicate because of a lack of information about LC normative position in the standard space most commonly employed in neuroimaging studies. While post-mortem histology-based atlases describing the LC exist (e.g., Duvernoy, 1995) , a map of the LC in standard neuroimaging space would provide a means to validate results from these and similar studies, and provide a tool for testing hypotheses about the functional connectivity of the LC with attention-related regions.
High resolution brainstem imaging has recently been used to visualize the LC using a T1-weighted Turbo Spin Echo (T1-TSE) imaging protocol . The T1-TSE sequence allows identification of the LC by exploiting the presence of neuromelanin, a pigment that is produced in noradrenergic neurons (Zecca et al., 2003; Zucca et al., 2006) . LC neuromelanin exhibits ferrous properties in the presence of other metals found in the brainstem, such as iron and copper (Enochs et al., 1989; Enochs et al., 1997) , therefore providing a unique opportunity to produce an in vivo map of the LC that could be used in imaging studies. Here we describe the development of an empirically derived map of the human LC in a normalized coordinate space that is typically used in neuroimaging studies. To validate our map, we demonstrate that the likelihood of observing LC signal across the brainstem is tightly linked to previously reported histological findings of LC cell density across the same brainstem levels.
Materials and methods

Participants
Forty-four healthy right-handed volunteers [n = 28 females, n = 16 males, age range: 19-79, mean age = 48.66 (±20.40), mean years of education = 16.44 (± 2.39)] were recruited from the Charleston, S.C. community. A semi-structured interview was used to screen for exclusion criteria, including history of head trauma with loss of consciousness, seizures, neurological or language disorders, and chronic or recent use of central nervous system acting medications. Participants' socioeconomic status (SES) [mean SES = 51.35 (±9.71)] was assessed to characterize the demographic profile of our sample using a revised version of the Hollingshead 4-factor index (Hollingshead, 1975) . All participants were administered the Mini Mental State Examination (MMSE) (Folstein et al., 1983) to screen for declines in global cognitive function [mean score = 29.55 (±0.79)]. Each subject used their right hand for writing and exhibited an Edinburgh Handedness Inventory score of at least 65 [mean score = 91.27 (±10.47)] (Oldfield, 1971) . The Medical University of South Carolina (MUSC) Institutional Review Board approved this study and written informed consent was obtained from all volunteers prior to participation.
Image acquisition
Magnetic resonance imaging (MRI) was performed on a Phillips 3-Tesla Intera scanner using a SENSE 8-channel parallel head coil (Phillips Medical Systems, Bothell WA, USA). High resolution images of the LC were acquired using T1-TSE structural scans with the following parameters: scan resolution of 512 mm × 320 mm, in-plane resolution of 0.4 mm × 0.4 mm, field of view (FOV) = 220 mm× 175.31 mm × 30 mm, echo time (TE) = 14 ms, repetition time (TR) = 600 ms, flip angle = 90°. Each T1-TSE scan consisted of ten 3 mm-thick axial sections with no gaps. For each participant, we used the mid-sagittal slice of a survey scan to align the LC acquisition volume. Images were acquired perpendicular to the plane of the brainstem, or as crosssections of the brainstem from the top to the base of the pons. The duration of the T1-TSE scan was approximately 11 min.
Image pre-processing
The following pre-processing steps were taken before normalizing the individual brainstem scans into standard Montreal Neurological Institute (MNI) space. The images were corrected for spatial intensity variations due to field inhomogeneities using FSL 4.0 FAST (Zhang et al., 2001 ; http://www.fmrib.ox.ac.uk/fsl/) (Fig. 1a) . To improve coregistration and normalization, the tissue surrounding the brainstem was cropped away using MRIcro (Rorden and Brett, 2000 ; http:// www.mricro.com) (Fig. 1b) . Brainstem cropping boundaries were determined on axial slices, browsing superiorly from the most ventral slice. The ventral boundary was set at the last axial slice on which the nodulus of the cerebellum was visible in the fourth ventricle. The dorsal boundary was set on the most superior slice on which the crural cistern, or gap between the cerebral peduncle and uncal gyrus, was visible. These boundaries were consistently observed in all our participants, and encompassed brainstem regions that include previously reported LC neurons (Chan-Palay and Asan, 1989b; German et al., 1988) . Grand mean scaling was applied to the cropped brainstem images using SPM5 (Wellcome Department of Cognitive Neurology, University College, London, UK; http://www.fil.ion.ucl.ac.uk/spm/) to standardize the range of voxel intensity distribution across images. Each brainstem image was aligned in the axial and coronal planes of section and the origin of each image was set to a stable anatomical boundary. Specifically, the origin was defined as the midline at the boundary of the anterior wall of the fourth ventricle, on the slice at which the anterior medullary velum appeared to separate from the brainstem on the axial plane of section.
The brainstem images were normalized into MNI space using a 3-step procedure. 1) A study-specific brainstem template was created by normalizing each cropped brainstem image to a binary image representing the average of all the native space cropped brainstem images [ (Fig. 1c) ; SPM5 normalization parameters: 7th degree Bspline, no source and template image smoothing, writing voxel size = 0.4 mm × 0.4 mm × 3 mm]. This normalization approach effectively co-registered all the images to the global shape and boundaries of the average brainstem.
2) The normalized images were averaged, and this averaged image was then normalized into MNI space by using the T1 MNI-152 template (0.5 mm iso-voxel), which had been rotated −0.3 rad into the orientation of the cropped brainstems, as a reference image. As shown previously (Napadow et al., 2006) , we observed superior normalization by cropping the MNI template to have the same boundaries as the cropped brainstem images. Using an identical approach to Napadow et al. (2006) , we produced a study-specific template that has the size and shape of the MNI brainstem while also preserving the variation in local signal intensity of the T1-TSE images that represents brainstem structures such as the LC, superior cerebellar peduncle, medial lemniscus, and medial longitudinal fasciculus (Fig. 1d). 3) The individual native space brainstems were then normalized to the study-specific T1-TSE MNI space brainstem template (Fig. 1e ).
LC maximum intensity location and variation
We observed an increase in T1-TSE signal in brainstem sections that correspond to the position of the LC in post-mortem tissue (Fig. 2) . Previous studies employing T1-TSE scans have used the contrast ratio of signal intensity between the LC and adjacent pontine tegmentum as a quantitative measure of LC signal intensity Shibata et al., 2006; Shibata et al., 2008; Shibata et al., 2007) . Using this approach for our data we observed, however, that the pontine tegmentum was not a suitable baseline measure because it exhibited a significant age-related decline in signal (r (42) = − 0.40, p b 0.01). Moreover, the boundaries of elevated LC T1-TSE signal are amorphous and variable across individuals, making it difficult to reliably delineate the region from surrounding tissue. Therefore, to derive a map of the LC we took an approach that is independent of LC boundary definition or signal intensity thresholding by identifying the coordinate positions of peak T1-TSE signals across the rostral to caudal extent in each individual's brainstem image (Figs. 1e-g).
MRIcro was used to create bilateral spherical regions of interest (ROI) encompassing areas of high voxel intensity adjacent to the fourth ventricle on each 3 mm-thick axial slice, across individuals (Fig. 1e) . Each volume was viewed in MRIcro using a 1:5 contrast ratio. Beginning on the axial slice on which LC voxel intensity was most pronounced, separate left and right oval ROIs were created over areas where high intensity voxels were observed. The superior boundary for data collection was at the level of the interpeduncular fossa. In cases where two high intensity clusters were observed in superior slices, ROIs were defined to include only the anterior cluster (the posterior cluster corresponding in location to the trochlear nerve) that was continuous with the high intensity LC cluster in the immediately inferior slice.
For each ROI, voxels were sorted by Z-axis coordinate and intensity, and the location of the highest intensity voxel on each axial slice was recorded. The maximum intensity coordinates for each subject were plotted, and any left-right disparities in the ventral-dorsal extent of the LC cluster were manually confirmed. An aggregated plot of maximum intensity voxels across subjects was created and spatial outliers were checked by two raters on each axial slice in order to ascertain continuity with adjacent superior and inferior slices. Intrarater and inter-rater reliability for classification of outlier voxels was α = 0.97 and α = 0.93, respectively. In order to describe LC location and spatial distribution in standard MNI space, we rotated the coordinates obtained across our sample back into MNI orientation by applying a reverse pitch of 0.3 rad. Each X,Y,Z coordinate was then adjusted to reflect the transformation between the native brainstem origin, and standard MNI anterior commissure origin. With the LC maximum intensity voxel coordinates now in standard MNI space and orientation (Fig. 3a) , group means and standard deviations (SD) of the left and right LC locations were computed for each axial slice (Table 1) .
LC location probability map
In order to accurately rotate the LC coordinates (group mean) into the original space of the MNI template, the LC ventral-dorsal (Z-axis) coordinates were first parcellated from 3 mm image acquisition resolution into 0.5 mm segments corresponding to the template resolution. This step allowed for accurate spatial registration to the 0.5 mm iso-voxel MNI-152 template. The coordinates of mean LC maximum intensity voxel location in standard MNI orientation and space were then used to create an image using a custom Matlab (Mathworks Inc., Sherborn, MA, USA) function. To characterize variation in location of the LC signal across individuals, we created separate maps representing the spatial distribution of LC maximum intensity voxel at 1, and 2 SD from the mean. The probability maps were created by separately smoothing in the X and Y dimensions of each in-plane 0.5 mm section of our mean location image. Smoothing was applied using a Full-Width Half-Maximum filter with kernel parameters being the standard deviation values of LC maximum intensity voxel distribution obtained from the corresponding axial slice (Fig. 3a) . The individually smoothed voxels were then recombined to create a single image representing the mean, 1 SD, and 2 SD spatial variance of the peak LC signal (Fig. 3b) .
Validation with post-mortem LC cell counts
To validate that the high T1-TSE signal represents LC cells, we examined the association between the frequency of an LC signal across each brainstem section and the percent of LC cells that have been reported for the corresponding sections in a post-mortem histological study in humans (German et al., 1988) . German et al. (1988) describe LC cell counts from 17 to 22 sections obtained at 0.8 mm gaps along the rostracaudal extent of the nucleus in 4 post-mortem brains. Both the histological sections and our T1-TSE scans were oriented perpendicular to the long axis of the brainstem, allowing us to use the frenulum of the inferior colliculus as a common anatomical reference. We extracted the number of LC cells from five histological sections on Fig. 6 of German et al. (1988) , which corresponded in rostracaudal position to our T1-TSE brainstem images. Intra-rater and inter-rater reliability for the estimated left and right cell counts across the 5 sections and 4 subjects was α = 0.95 and α = 0.95, respectively. The number of cells for each left and right LC was then expressed as a percentage of the total number of LC cells across the brainstem. To limit error in extrapolating the number of cells from Fig. 6 in German et al. (1988) , the percentage of left and right LC cells from each section were averaged together and then averaged across all 4 post-mortem cases. We were then able to determine the extent to which the percentage of LC cells on each post-mortem section, related to the frequency of observing an LC signal on corresponding sections of the T1-TSE images.
Statistical analyses
Means and standard deviations were calculated to describe the spatial location and distribution of observed LC maximum intensity voxel coordinates. Pearson correlation was performed to determine the extent to which the frequency of an LC measure was associated with the percentage of post-mortem LC cells on corresponding brainstem sections. Pearson and Spearman rho correlations were performed to examine the extent to which demographic factors influenced the spatial position of the LC.
Results
MNI location of the LC
An increase in T1-TSE signal intensity was observed in brainstem sections that correspond to the position of the LC in post-mortem tissue (Fig. 2) . LC signal was consistently observed in rostral to caudal sections between the inferior aspect of the red nucleus (upper limit of the image acquisition) and the origin of the superior cerebellar peduncle [MNI Z = −18 to − 33; (Figs. 3a, b) ]. Fig. 3b presents a spatial variance map for the location of the peak LC signal (mean position, 1 SD and 2 SD in the X-Y plane). The mean LC location coordinates in the X-Y plane along with observed signal distribution along the Z-axis are presented in Table 1 .
Association with post-mortem histology
We examined the extent to which the frequency of LC signal across subjects at each brainstem level was associated with the number of cells that have been reported at the same brainstem levels in 4 postmortem human brains [ Fig. 6 in German et al. (1988) ]. A higher percentage of subjects exhibited LC signal at the level of the medial longitudinal fasciculus (MNI Z = −24 and −27), in comparison to the most rostral and caudal levels (Table 1) . This elevated frequency of high intensity signal corresponded with the location of greatest LC neuron density as reported from post-mortem tissue (German et al., 1988) . Indeed, variation in LC signal was significantly correlated with the percentage of cell counts across the left and right LC for the 5 common brainstem levels [r = 0.90; (Fig. 4) ], thereby providing evidence that T1-TSE LC signal is related to the number of LC cells.
Individual variation in LC signal
Based on previous findings of age-related increases in LC neuromelanin (Zecca et al., 2004; Zecca et al., 2003; Zucca et al., 2006) and T1-TSE signal , Spearman rho correlations were performed to determine the extent to which age influenced the likelihood of observing an LC signal in rostral to caudal brainstem sections. Older adults were more likely to exhibit an LC signal in the most caudal sections (left MNI Z = −30: r ( There were no other demographic factors that were significantly associated with the LC measurements after correcting for multiple comparisons. Supplemental Table 1 presents all of the uncorrected correlations between age, handedness, and gender for each left and right mean LC position.
Discussion
We have taken advantage of the elevated T1-TSE signal that has been attributed to neuromelanin in the LC to develop a spatial map of the human LC in 44 adults ranging in age from 19 to 79 years. The development of this map, which has been oriented into a standard coordinate space that is often used in neuroimaging research, is important because: 1) it is the first in vivo anatomical map of the human LC; 2) it shows that T1-TSE LC signal is related to the number of LC cells observed in post-mortem material; 3) the spatial variance map can be used as an anatomical reference for determining the extent to which a particular brainstem finding falls within the LC; and 4) it can be used to test hypotheses about the functional connectivity of the LC with cortical and sub-cortical systems. T1-TSE LC signal was observed from the level of the oculomotor nerve to the trigeminal nerve. These results are consistent with the rostral to caudal range in which LC cells are identified in histological sections (Chan-Palay and Asan, 1989b; German et al., 1988; Manaye et al., 1995) , with the exception of more rostral sections approaching the tectum that were not included during image acquisition. We investigated whether the frequency of observing an LC signal would relate to the density of the LC cells at the corresponding histological sections. By examining the percentage of LC cells reported in a post-mortem study (German et al., 1988) and using a common anatomical landmark, we were able to determine that the frequency of an observable LC signal was indeed tightly correlated with the percentage of cells across brainstem sections that were consistent between the two studies. These results provide convincing evidence that the T1-TSE LC signal is related to the number of LC cells and thereby provides indirect validation that this signal is generated by LC cells.
The fact that we observed T1-TSE LC signal in sections corresponding to the greatest concentration of LC cells is consistent with the notion that LC signal on T1-TSE scans is influenced by the ferrous neuromelanin metabolites within LC neurons . Paramagnetic T1 effects are observed when neuromelanin is combined with iron and copper (Enochs et al., 1989; Enochs et al., 1997) . Iron and copper are present with neuromelanin in LC cells and while Fig. 4 . The association between T1-TSE LC signal observed across our sample and LC cell counts previously reported in post-mortem histology sections (German et al., 1988) . The X-axis represents the distance from the frenulum of the inferior colliculus, which was used as an anatomical landmark for identifying common brainstem sections in both studies. The left Y-axis represents the percent of subjects in which a T1-TSE LC signal was detected. The right Y-axis represents the percent of total LC cells observed along the long axis of the brainstem in German et al. (1988) . The bars represent the frequency of observed T1-TSE LC signal across our sample (n = 44), while the black line represents the percentage of LC cells reported on corresponding histology sections. The section corresponding to our most caudal slice (− 15 mm from frenulum) was not included in the post-mortem LC study (white asterisk). Note the very strong correspondence between the two measures (r = 0.90), providing evidence that the likelihood of observing an LC signal is related to the density of LC cells. the content of iron remains constant across life, there is an increase in neuromelanin and copper with age (Zecca et al., 2004; Zucca et al., 2006) . Age-related increases in neuromelanin have been attributed to its relative slow rate of metabolism in neurons (Zecca et al., 2004; Zecca et al., 2003) .
Post-mortem observations of the total number of cells and the distribution of the cells indicate that the LC is largely symmetrical in size and position (Chan-Palay and Asan, 1989a,b; German et al., 1988; Ohm et al., 1997) . Our results are consistent with these post-mortem studies, but are not perfectly symmetrical in peak location or in the variance of the peak location. A similar degree of left to right variation in LC cell distribution has been reported among post-mortem brains [ Fig. 9 in German et al. (1988) ]. Consistent with post-mortem evidence for age-related increases in neuromelanin (Zecca et al., 2004; Zucca et al., 2006) older adults in this study were more likely to exhibit observable LC signal in the most caudal brainstem sections. The inclusion of subjects from across the adult lifespan yielded a map that is representative of the general adult population, but also increased the spatial extent of the map because of the age-related factors that positively influenced identification of the LC.
In addition to age, one other explanation for individual spatial variability of the T1-TSE LC signal is the method by which each LC coordinate was defined. Selecting the maximal LC signal, which should reflect the greatest density of LC cells within a section (Fig. 4) , was chosen for its superior reliability compared to automated segmentation or manual tracing of the LC signal. Automated or manual segmentation of the LC is difficult because of the amorphous structure of the LC and varying signal intensity across subjects. Future work involving quantitative T1-TSE scans may provide a more detailed map of LC spatial distribution. Nonetheless, creating a map based on the 1 and 2 SD of spatial variation should represent the core of the LC given its spatial extent of ∼1-2 mm in the axial plane (Chan-Palay and Asan, 1989b; German et al., 1988; Hoogendijk et al., 1995) . As Fig. 3a demonstrates, there is limited variation in the medial to lateral and anterior to posterior extent of the individual LC coordinates, which is further demonstrated in Fig. 3b by the low degree of spatial variation in the 2 SD boundary of the LC map (mean extent of 2 SD map: X =2.96 mm, Y =2.71 mm).
When using imaging methodology to characterize the in vivo location of small brainstem structures it is important to consider the potential effect of brain motion associated with the cardiac cycle and cerebrospinal fluid flow dynamics on accurate spatial localization. Animal studies (for example, Britt and Rossi, 1982) as well as human imaging studies (Enzmann and Pelc, 1992; Feinberg and Mark, 1987; Greitz et al., 1992; Poncelet et al., 1992; Soellinger et al., 2007) indicate that peak displacement and movement velocity of brain tissue occur at the brainstem along the rostral-caudal axis. However, at its maximum, the spatial displacement of brainstem tissue is small relative to the resolution in which our images were acquired (0.4 mm × 0.4 mm × 3.0 mm). For example, a motion sensitive MR pulse sequence was used to demonstrate that the average peak displacement along the rostral-caudal axis in the upper brainstem was 0.160 (±0.020) mm (Enzmann and Pelc, 1992) . More recently a different motion sensitive sequence was used to demonstrate an average peak displacement of 0.184 (±0.021) mm along the rostralcaudal axis of the brainstem (Soellinger et al., 2007) , confirming previous observations. Given these results, it seems unlikely that pulsatile brain motion would affect the spatial accuracy of our probability map. Furthermore, throughout the brain, pulsatile displacement in the left-right and anterior-posterior directions (X-axis and Y-axis, respectively) is even smaller than that observed on the rostral-caudal axis (Soellinger et al., 2009) and is difficult to measure (Enzmann and Pelc, 1992) suggesting that the motion on the X-Y plane is within the error expressed in our location probability measurements [smallest 1 SD spatial extent = 0.4 mm (see Table 1 )].
A major methodological challenge that was successfully addressed in this study was the normalization of each brainstem image into standard MNI coordinate space. Guided by previous work on normalizing brainstem images (Napadow et al., 2006) , we used a mask to limit estimation of the normalization parameters to rostralcaudal brainstem sections. This approach minimized realignment and transformation errors that result in sub-optimal co-registration of the brainstem when using whole-brain normalization (Napadow et al., 2006) . In this study, we took an additional step to obtain the best possible normalization by creating a study-specific brainstem template that had been co-registered with the MNI template. This approach ensured that the shape and size of the MNI brainstem template, as well as the signal variations present within the brainstem of the T1-TSE images contributed to the normalization of the LC.
The placement of the LC map into MNI space creates a variety of potential applications. For example, strong inferences have been made based on low-resolution brainstem activation results that appear to fall within the space of the LC. We used the 2 SD map to determine the extent to which LC activity reported in previous functional imaging studies could be confirmed as falling within the space of the LC. Twelve studies were found in which 28 coordinates were associated with the LC [7 functional MRI (fMRI) studies Liddell et al., 2005; Minzenberg et al., 2008; Raizada and Poldrack, 2007; Sterpenich et al., 2006; Tracy et al., 2000; Vandewalle et al., 2007) , 5 positron emission tomography (PET) studies (Coull et al., 1999; Labus et al., 2008; Moore et al., 2008; Remy et al., 2005; Sturm et al., 1999) . Coordinates reported in Talairach space were first converted to MNI coordinates using GingerALE (Laird et al., 2005 ; http:// brainmap.org/ale/)]. Four of these coordinates (14%) were within or immediately adjacent (b1 mm) to the 2 SD boundary of our LC map. While the frequency of overlap with our template is low, we only examined the peak voxel location rather than the extent of activations [the average extent of reported LC clusters was 162.71 (±174.11) voxels (available for n = 14 of the coordinates)]. Thus, peak coordinates falling outside of the LC map may have had a cluster extent that overlapped with the LC map. An additional consideration is that the studies we reviewed employed whole-brain normalization, which may account for spatial differences in reported locations as previously demonstrated (Diedrichsen, 2006; Napadow et al., 2006) . Nonetheless, the low frequency of concordance between locations of brainstem activation and the LC map highlights the importance of having an anatomical reference for verifying the location of brainstem findings. Furthermore, we encourage groups interested in using our LC map, to utilize brainstem-specific normalization when examining brainstem activity and morphology across participants. In order to facilitate future use of the LC map produced by our study, two binary templates representing the 1 SD and 2 SD extents of LC spatial distribution (see Fig.  3b ) are freely available for download and use by the neuroimaging community (http://www.eckertlab.org/LC).
LC function is critical to understanding normal attention, aging, psychiatric disorders, neurodegenerative disorders, and pharmaceutical treatments. With the careful normalization of brainstem images, as well as controls for physiological nose, the LC map presented here can be used in functional imaging studies to: 1) collect timeseries of LC activity and test hypotheses about the interaction of the LC with cortical areas across tasks that tap into domains of attention (Aston-Jones et al., 2000; Corbetta et al., 2008) ; 2) evaluate functional changes in LC-attention systems that occur during development or in neurodegenerative disorders involving LC disruptions such as Alzheimer's and Parkinson's disease (Chan-Palay and Asan,1989a; German et al.,1992; Hoogendijk et al., 1995) ; and 3) as a biomarker for the efficacy of attention-related pharmaceutical treatments. DC00422), and the MUSC Center for Advanced Imaging Research. We would also like to thank Gary Aston-Jones for his comments on the manuscript. This investigation was conducted in a facility constructed with support from Research Facilities Improvement Program (C06 RR14516) from the National Center for Research Resources, National Institutes of Health. This research was conducted while Mark Eckert was a research grant recipient of the American Federation for Aging Research.
